INTRODUCTION
In recent years there has been a considerable increase in interest in constitutive equations particularly in those with a wide range of application in strain rate, temperature and strain and with a sound physical basis. There are two important reasons for this, firstly because it is now generally appreciated that predictive hydrocode modelling is impossible with inadequate input data and secondly because improvements in analytic theory have shown the need for accurate constitutive relationships.
Constitutive equations developed from basic physical principles have been published by Klepaczco (1) and Follansbee (2) for application to both FCC and BCC metals and Armstrong and Zerilli (3) have published separate BCC and FCC models. The BCC model developed by Armstrong and Zerilli has been modified by Goldthorpe (4) and applied to annealed and explosively shocked iron. This constitutive equation has been shown by Cullis and Church (5) to have very good accuracy over a wide range of all the main variables in the model. The main purpose of the present paper has been to carry out a full determination of a constitutive equation for a medium strength steel and determine whether the model for iron (4) can be used as a basis for a generic form and thus simplify model determination for other steels.
MATERIALS AND EXPERIMENTAL METHODS
The steel used in this investigation was a quenched and tempered carbon-chromium molybdenum steel with a quasi static yield strength of 800 MPa and was supplied in the form of plate.
The test technique used for the determination of the constitutive equation were tensile tests over a wide range of temperatures and Hopkinson bar tests in compression.
3.

DETERMINATION OF THE FORM OF THE MODEL
One of the main problems in the determination of wide range constitutive equations is that in any test that is not perfectly isothermal strain hardening and thermal softening take place simultaneously. Thus it is essential to separate experimentally the main variables of temperature, strain rate and strain if an accurate model is to be determined. A successful method of achieving this was developed by Goldthorpe (4) in which isothermal stress strain curves could be determined under conditions where deformation could range from isothermal to adiabatic. This involved the use of interrupted tests in which a strain increment was applied and the test stopped and the specimen allowed to cool down. If stress measurements are only taken on the early part of this strain increment the temperature rise can be restricted to any desired level but usually less than 5" K. This procedure can be repeated many times until the desired strain level is reached and a composite curve built up which is isothermal, that is determined at a single temperature but the deformation may be adiabatic. This procedure is shown schematically in Figure 1 where it can be seen that the locus of the T o points form the isothermal curve.
Isothermal strain hardening curves are essential to make an initial judgement on the form of the model and these curves were determined over a range of temperatures and at two strain rates, 10-3s-1 and 4 s-1. The tests were carried out in tension and large strains were achieved by continuing the tests into the late stages of necking and using a Bridgeman correction. The temperature curves are shown in Figure 2 where it can be seen that the curves are almost parallel. The small divergence is due to the variation in shear modulus with temperature which was discussed by Goldthorpe (4).
The strain rate curves were also found to be parallel and this behaviour suggests that this steel has the same form of model as that for pure iron. This effect can be seen in Figure 2 where the curves at strains of 10-3s-1 and 4 s-I are compared with the temperature curves. These results are in some ways not surprising in that the two materials have the same crystal structure. The result is nevertheless of considerable interest since we can regard this behaviour as an independence of strain hardening to strain rate and temperature or perhaps from a more fundamental view point that the response of stress to strain rate and temperature in independent of strain and therefore independent of deformed structure. That iron and the present steel with its very much more complex micro structure should behave in the same way is perhaps more surprising when looked at from this viewpoint. Table 1 where the stress units are MPa
It is perhaps worth comparing these values with those obtained on pure iron (4). Firstly it was particularly evident that C1, Cs and n values in the steel were insensitive to variations in other parts of the experimental data and a high level of confidence can be attached to these values. C2, C3 and Cq do, however, show a high degree of sensitivity to other parts of the model, particularly the strain hardening and the temperature dependence of the shear modulus. Iron on the other hand showed sufficient independence of the coefficients throughout the model for them all to be determined with a high level of confidence. The principal reason for this appears to be the high value of 7 10 MPa for C1 in this steel which is interpreted as being the resistance to dislocation movement of major obstacles such as coherent precipitates, compared to 50 MPa for annealed iron and the relatively low value of C2 in the steel. This means that the principal mechanism of thermal softening in this steel is through the temperature dependence of the shear modulus and that the strain rate sensitivity is reduced. Thus the use of equation (5) for the determination of Cg and Cg requires that two relatively large numbers are subtracted from o on the L.H.S. to leave a relatively small number on the R.H.S. It would appear, therefore, that whereas iron is highly sensitive to the values of Cg and Cq this steel is not and it is this insensitivity that makes the determination of their values more difficult.
Another point of interest is that the coefficients Cg and Cq would be expected to represent the characteristics of the iron matrix in both iron and steel since they are a measure of the thermal activation processes for dislocation movement. It is, therefore, of some significance that it is only these coefficients which have some similarity in the two models. These are compared below iron -0.0052 0.00026 steel -0.0048 0.00032
DETERMINATION OF THE MODEL
In view of the similarities in behaviour of iron and steel it appeared justified to assume that the model for iron could be used as a basis for the model for steel. This assumption does not involve any pre-judgement since if the assumption is unjustified the linear relationship used to determine coefficients cease to be linear. The model used was as follows:
where C1 to Cg and n are constants and c,E,& and T are respectively stress, strain, strain rate and temperature in O K . p , , is the shear modulus at 293OK and pT is the shear modulus at the current temperature where
In order to determine the coefficients from the experimental data it is, of course, necessary to assume the form of the model is correct unless or until it is at some stage in the determination proved otherwise.
For compactness we shall write Also at constant temperature and strain rate is constant, say K(T, E ) and we can write equation ( 
VERIFICATION OF THE MODEL
The simplest method of initial verification of a model is to use a large strain dynamic test. For this a miniature Hopkinson bar was used where strains of about 0.7 were achieved under essentially adiabatic conditions. The experimental curve is shown in Figure 6 and for comparison a calculated curve based on equation (1) and the coefficient values in Table 1 . The temperatures were calculated on the assumption of 95% conversion of mechanical work to heat. It can be seen that the agreement is certainly within the accuracy that is achievable on a large strain Hopkinson bar test. The detailed Hopkinson bar test was also modelled using DYNA 2D and equation (1) and again the agreement between experiment and prediction was good.
Some further modelling simulations were carried out using the DRA Eulerian code GRIM 2D to study the penetration of a target of the steel in the present paper by an EFP made of shocked iron (4). The advantage of this simulation is that models for both materials are known and detailed experimental data were available for comparison. The predicted depth of penetration was 55mm compared to an experimental value of 53mm. The crater diameter at the surface of the target was 50mm in the simulation and 46mm experimentally. Although the results of one simulation compared to experiment should be treated with some caution it does indicate that for this study predictive capability of the two models used is very good.
6.
DISCUSSION -GENERIC FORMS
A number of important issues has arisen over the determination of this model for steel. Firstly, it is of a fundamentally different form to any previously published which are mostly based on the Johnson-Cook form. The form of the model was found to follow very closely the behaviour of pure iron in that the strain rate and temperature response of stress are independent of strain. Also the coefficients C3 and Cq which describe thermal activation are very close to those determined for iron. In spite of this similarity the two materials clearly have very different properties which arise principally through the coefficient C1. This difference is so large that the principal thermal softening mechanism in the steel is through the effect of the shear modulus on C1 and eventually on Cg and n as strain increases. It would appear, therefore, that as the strength of the iron based alloys (which remain BCC) is increased there is a steady transition from the domination of thermally activated processes to those controlled by the temperature dependence of the shear modulus. Thus strengthening mechanisms such as precipitates which provide obstacles to dislocation movement have their effect through the shear modulus rather than thermal activation. This observation has a number of implications in study of strengthening mechanisms and instabilities such as adiabatic shear where in strong materials instabilities may be controlled by the shear modulus.
These differences between iron and steel suggest that equation (1) may be used as a generic form for a wide class of BCC iron alloys. If the coefficients Cg and C4 are assumed to be the same as those for iron the determination of the model would be very much simpler. Thus if we write equation (1) as then if C3 and C q are known C1 and C2 can be determined from strain hardening data and low strain rate tests over a range of temperatures. This procedure was used on the data available and C1 and C2 were measured as 715 and 575 MPa compared to the previously determined values of 710 and 575 MPa. These changes to C1, C3 and C4 compared to those in Table 1 have a small effect on predicted stress values which suggests that the model for iron can be used as a generic form for a wide class of iron alloys and this concept of generic forms may simplify the determination of constitutive equations for a large number of other materials.
7.
